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1.1 Magnetically active stars
A stellar magnetic fields are generated by moving conductive plasma inside a star. Plasma
motion is driven by convection. Rotation and convection work like a dynamo, which generates
a dipolar magnetic field.
Convection occurs in a limited envelope of a star. Main-sequence stars with low masses
M < 0.3M⊙ are fully convective. In stars with intermediate masses 0.3M⊙ < M < 1.5M⊙
the convective zone is in the outer layer of the star, above a radiative zone. In stars with
higher masses M > 1.5M⊙ the convective zone is in the center of the star overlaid the radi-
ative zone.
The magnetic activity of a star is manifested in several ways, such as starspots, flares,
coronal loops and active chromospheres and coronas. The activity is strongest in fast rotating
young stars and weakens to slower rotating older stars.
The magnetic activity has been observed in stars with spectral types from F to M. Hall
(1991a) identified eleven groups of stars, where magnetic dynamos may exist: RS Canum
Venaticorum binaries (original and expanded definations), BY Draconis stars, UV Ceti stars
i.e. flare stars, single solar-type main sequence stars, FK Comae stars, rapidly rotating single
G–K giants, T Tauri stars, W Ursae Majoris binaries, cool contact secondaries of Algol-type
binaries and cool contact secondaries of cataclysmic stars.
1.2 RS Canum Venaticorum stars
RS Canum Venaticorum variables are binary systems, which mainly have orbital periods Porb
between 1–14 days. Related to these, there are the short period group with Porb < 1 d and the
long period group with Porb > 14 d (Hall, 1976; Percy, 2007). The hotter component is a IV–V
luminosity class star with spectral type F–G. The spectra have strong and variable Ca II H
& K, Hα, and Mg II h & k emission lines (Percy, 2007). Radio emission and flaring thermal
X-ray emission have also been detected, which indicate the presence of a chromosphere.
Some of these systems display Algol type eclipses if the inclination of the orbit is small
enough. Many systems classified as RS CVn variables do not undergo any eclipses. In the
light curves, a nearly sinusoidal ’distortion wave’ has been observed. The amplitude and
orbital period related phase of the wave varies slowly. Typically the amplitude of the wave is
a few tenths of magnitude or less.
Nowadays it is widely accepted that the photometric and spectroscopic properties are sig-
natures of the stellar activity such as starspots, a hot chromosphere and coronal magnetic
loops of the brighter component of the RS CVn binary systems. The photometric behaviour
is explained by changes in the area of the spots [amplitude variation] and the surface differ-
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ential rotation, which changes the positions of the spots [phase and period variation] (Percy,
2007).
It is noticed that in most of the RS CVn systems rotational and orbital periods are nearly
the same, i.e. the rotation is synchronized to the orbital motion. The tidal interaction with
the companion keeps the RS CVn stars rotating faster than the ’normal’ evolved stars. The
fast rotation of the late-type star maintains a magnetic dynamo and chromospheric activity.
1.3 BD Ceti system
BD Ceti (HD 1833, HIP 1792, J00224633-0913509, J002246.7-091332) is a binary system,
which was classified as a RS Canum Venaticorum star in The 67th name-list of variable stars
(Kholopov et al., 1985). The orbital period is 35.1 days (Fekel et al., 1986; Balona, 1987;
Stawikowski & Glebocki, 1994), which places the star into the long period group of RS CVn
stars. The inclination of the orbital plane is about 54.0° (Stawikowski & Glebocki, 1994), so
eclipses do not occur in this system.
A comprehensive list of the published stellar parameters of BD Ceti is collected into Tables
1a–1h. References [ref] of the values are given after the tables.
The widely referred spectral type of the system is K1 III + F by Bidelman & MacConnell
(1973), although in Boffin et al. (1993) a type G5 III? was given. The class G5 was referred
to by Berdyugin & Teerikorpi (2001). It was also published in the variable star survey from
Hipparcos data (Koen & Eyer, 2002). In their study, Bopp et al. (1983) could not find any
sign of the F type spectrum of the secondary companion in the blue region, and the spectrum
of the primary had a close match with the G5 III star 39 Ceti. All published spectral type
classifications are collected into Table 1c.
As typical for RS CVn stars, BD Ceti has strong Ca II H & K emission lines. They are in
the center of absorption lines (Bopp et al., 1983; Fekel et al., 1986). The H-alpha absorption
in the spectrum is moderate (Fekel et al., 1986). Spectral features indicate strongly that the
star belongs into the RS CVn class.
The broadened absorption lines show the fast rotation of BD Ceti. The v sin i value varies
from the early estimation ∼ 20–25 km/s by Fekel (1980) to the more recent 16.3± 1.0 km/s by
de Medeiros & Mayor (1999). Published rotation estimations are collected into Table 1d.
BD Ceti is a chromospherically active binary (CAB). The primary component of this binary
system is a giant star, but it displays solar type activity. Photometric variation indicates
starspot activity (see chapter 1.3). However, the X-ray activity is weak. Dempsey et al.(1993;
1997) observed the star with the ROSAT satellite and measured an X-ray luminosity Lx = 2.2
× 1022 W. According to them, the reason for the low surface X-ray flux of BD Ceti is unknown.
Both Drake et al. (1989) and Morris & Mutel (1988) measured a very low radio flux. Slee et al.
(1987) did not detect any radio flux in their 5.0/8.4 GHz microwave survey. All published X-
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ray luminosity and radio flux measurements are collected into Table 1e.
The effective temperature estimations of BD Ceti have a range from 4460 K by Strass-
meier et al. (1988) to most recent 5078 K (p-model) and 4950 K (pq-model) by Bailer-Jones
(2011). They introduced a Bayesian statistical model estimating stellar parameters and inter-
stellar extinction using photometric results and parallaxes. The p-model uses only observed
spectral energy distribution (SED) and the pq-model included also parallax/magnitude con-
straint. All published Teff estimations are collected into Table 1d.
The lithium excess in the synchronized binary systems was studied in many papers. Pal-
lavicini et al. (1992) and Randich et al.(1993; 1994) noted that there is no single process to
explain this excess. Lithium could be formed in flare outbursts or it could be formed already
in the main sequence phase of the star. The studies show that a lithium excess could be found
also in BD Ceti. Measurements give logN (Li) values between −0.5 . . . −0.1. The abundance
of lithium logN (Li) is the logarithmic relation of the number of the lithium atoms to the
hydrogen atoms log (NLi/NH), where log (NH) =12. The published lithium abundance values
are collected into Table 1d.
BD Ceti is an evolved binary system, which does not belong to any kinematic stellar group
(Karatas¸ et al., 2004). The most recent reduction of Hipparcos data, van Leeuwen (2007), gave
the parallax for the system as 3.30 mas, which corresponds to the distance d = 303 pc. Earlier
measurements gave a bit greater distances. These are collected in Table 1h. Strassmeier et al
(1988; 1993) gave d = 71.0 pc taken from Mutel & Lestrade (1985). However, BD Ceti cannot
be found in the Mutel and Lestrade tables. The reference by Strassmeier et al. could be an
identification error with a nearby star 33 Psc, which has a distance of d = 71 pc. Published
distance estimations are collected into Table 1f.
1.4 Variability of BD Ceti
The variability of BD Ceti was first noticed by Lines et al. (1982). They suspected from the
strong Ca II H & K emission that the star may be RS CVn variable. They made differen-
tial photometry during 49 nights at Kitt Peak, Dyer, and Cloudcroft observatories between
Sep 1980 and Jan 1981. According to their analysis BD Ceti had an amplitude ∆V = 0.10
mag. The best fit for the period was 34.36 days, and another possible period was 34.46 days.
Lines et al. (1982) noticed that the light curve underwent some changes during the observing
period.
In their photometric and spectroscopic monitoring of chromospherically active stars, Bopp
et al. (1983) observed BD Ceti from Jul 1980 to Jan 1981, almost at the same time with Lines
et al. (1982). Till Oct 1980 some variations were detected, but there were too few observations
to determine the period. In the end of 1980, the variability seemed to have vanished. This is
not unexpected for chromospherically active stars.
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In UBVRcIc photometry survey of 55 strong Ca II H & K emission stars, Lloyd Evans
& Koen (1987) observed BD Ceti between Dec 1978 and Jul 1982 in the V-band. These
observations gave V = 7.89, 0.06 ≤ ∆V ≤ 0.12, and P = 34.05 d.
The Hipparcos photometry catalogue data gave V = 7.94 and ∆V = 0.0215 for BD Ceti
(n = 73). The period of the variability could not be solved from these data (Koen & Eyer,
2002).
Published photometric data are collected into Tables 1a and 1b.
Table 1a. Photometric data
B V ∆V Pphot
[mag] [ref] [mag] [ref] [mag] [ref] [d] [ref]
9.09± 0.28 [29] 8.2 [1] 0.10 [2] 34.46 [2]
7.89 – 8.03 [7] 0.06 – 0.12 [7] 34.4 [5]
7.97 [10] 0.0215 [30] 34.05 [7]
7.97± 0.01 [29]
7.94 [30]
Johnson B- and V-band magnitude [mag] estimations, amplitude of V magnitude (∆V )
and photometric period (Pphot) in days [d].
Table 1b. Additional photometric data
J H K
[mag] [ref] [mag] [ref] [mag] [ref]
5.897± 0.019 [32] 5.265± 0.017 [32] 5.127± 0.018 [32]
Johnson near-infrared J-, H- and K-band magnitudes.
Table 1c. Spectroscopic class and color indices
Sp U – B B – V V – R R – I V – I
[ref] [mag] [ref] [mag] [ref] [mag] [ref] [mag] [ref] [mag] [ref]
K1 III + F [1] 0.960 [7] 1.13 [7] 0.69(1) [3] 0.57 [7] 1.19 [7]
G5 III? [20] 1.13 [28] 0.62 [7] 0.595 [27]
G5 [30] 1.121 [29] 0.81 [26]
Spectroscopic class (Sp) and color indices U – B, B – V, V – R, R – I and V – I.
(1)estimation from spectral type.
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Table 1d. Astrophysical data





[ref] [] [ref] [cm–2] [ref] [ref] [km/s] [ref]
4460 [12] 2.5 [19] –0.55 [19] 18.90 [23] ≤ –0.5 [16] 15.0± 2.5 [4]
4600 [14] –0.25 [19] 15.0 [5]
4500 [16] –0.29 [27] 20.0 [8]
4540 [22] –0.1 [31] 17.0 [19]
5078(1) [36] 20.0 [21]
4950(2) [36] 18.2 [25]
16.3± 1.0 [28]
Effective temperature Teff , surface gravity log g, metallicity as iron abundace Fe/H compared to the
Sun [], hydrogen abundace log NH, lithium abundace log N(Li) and projected rotation velocity v sin i.
(1)by statistical SED–mag–parallax p-model, (2) by statistical SED–mag–parallax pq-model.
Table 1e. Additional astrophysical data
Lx Sradio M f (M) R MV Mbol[
1022W
]
[ref] [mJy] [ref] [M] [ref] [ref] [R] [ref] [mag] [ref] [mag] [ref]
2.2 [17] ≤ 0.40(1) [11] 2.50 [19] 0.11 [6] ≥ 10.0 [5] 3.9(3) [18] 0.06 [22]
< 0.15(2) [13] 2.5 [22] 0.11 [22] 14 [13] 3.64(3) [21]
14± 2 [22] 0.6(4) [21]
≥ 12.4 [25] 3.634(3) [27]
–0.210 [35]
X ray luminosity Lx, radio flux Sradio, mass of the primary component in the Sun units [M],
mass function f(M), radius of the primary component in the Sun units [R],
absolute magnitude MV and bolometric magnitude Mbol.
(1)S5Ghz, (2) 6 cm radio flux S6, (3) based on incorrect distance, (4) corresponding to the spectral type.
Table 1f. Kinematic data
pi D µα µδ
[mas] [ref] [pc] [ref] [mas/yr] [ref] [mas/yr] [ref]
1.41 [18] 363 [9] 3± 8 [15] –51± 7 [15]
2.40± 1.17 [29] 71.0(1) [12] 3.60± 1.27 [24] –47.49± 0.83 [24]
3.30± 1.07 [34] 400 [13] 4.30± 1.04 [34] –45.96± 0.73 [34]
416.7 [29]
303.0 [34]
Parallax pi in milliarcseconds [mas], distance D in parsecs [pc] and proper motion
in right ascension µα and declination µδ in milliarcseconds per year [mas/yr].
(1) possible identification error in Strassmeier et al. (1988; 1993).
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Table 1g. Additional kinematic data
Rv U V W
[km/s] [ref] [km/s] [ref] [km/s] [ref] [km/s] [ref]
–4.8± 0.3 [6] 7.4± 2.9 [15] –15.9± 3.2 [15] –0.9± 1.2 [15]
–4.8± 0.2 [15] 8.1 [18] –15.9 [18] –0.9 [18]
7.51± 25.27 [28] 37.43± 20.02 [33] –80.88± 38.75 [33] –25.19± 14.50 [33]
Radial velocity Rv and space motions U, V and W.
Table 1h. Binary system orbital data
Porb e i ω
[d] [ref] [ref] [°] [ref] [°] [ref]
35.1 [5] 0.04± 0.02 [6] 54.0 [22] 192.2± 21.1 [6]
35.100± 0.021 [6]
35.10 [22]
Orbital period Porb in days [d], eccentricity e, inclination i and angle of periastron ω.
Tables 1a.–1h. references
[1] Bidelman & MacConnell (1973), [2] Lines et al. (1982), [3] Bopp et al. (1983),
[4] Beavers & Eitter (1986), [5] Fekel et al. (1986), [6] Balona (1987),
[7] Lloyd Evans & Koen (1987), [8] Huisong & Xuefu (1987), [9] Slee et al. (1987),
[10] Reglero et al. (1987), [11] Morris & Mutel (1988), [12] Strassmeier et al. (1988),
[13] Drake et al. (1989), [14] Strassmeier et al. (1990), [15] Eker (1992),
[16] Pallavicini et al. (1992), [17] Dempsey et al. (1993), [18] Strassmeier et al. (1993),
[19] Randich et al. (1993), [20] Boffin et al. (1993), [21] Montes et al. (1994),
[22] Stawikowski & Glebocki (1994), [23] Mitrou et al. (1997), [24] Perryman & ESA (1997),
[25] Fekel (1997), [26] Montes et al. (1997), [27] Barrado y Navascues et al. (1998),
[28] de Medeiros & Mayor (1999), [29] Høg et al. (2000), [30] Koen & Eyer (2002),
[31] Costa et al. (2002), [32] Cutri et al. (2003), [33] Karatas¸ et al. (2004),




We obtained standard Johnson UBV differential photometry with the T3 0.4-meter auto-
mated photoelectric telescope (APT) at Fairborn Observatory in Arizona. The comparison
star (C) was HD 1828 (V = 8.20, Sp = F8) and the check star (K) was HD 1461 (V = 6.46, Sp =
G0V). The V-band differential magnitudes for the variable ∆VS–C and the check star ∆VK–C
were analysed in this study.
A total of n = 1343 observations were made during an almost 20-year period between
J. D. 2 448 183 (Oct 1990) and 2 455 383 (Jul 2010). The data contain 21 observing seasons.
Between these seasons, from July to September, the APT was closed due to the rainy season in
Arizona (Henry, 1999). All of the seasons were divided into two segments: the main segment
from mid-September to January and the shorter segment in June. Between these segments
there is a gap from February to May, because the star is close the conjunction with the Sun.
In 1991–1992, there were observations only during the shorter segment of the season. In
1999–2000 and 2008–2009, there were no data during the shorter segment. All seasons and
segments are given in Table A1 in the Appendix.
More detailed information of the APT operation and data reduction procedures was pub-
lished by Henry (1999) and Fekel & Henry (2005).
2.2 Outliers
The photometric data were preprocessed by rejecting all outliers due the technical problems
or bad photometric nights (Henry, 1999). After these reductions, some biased observations
may remain in the data, e.g. due to the clouds. We checked these data and rejected all the
erroneous observations before the analysis. The variable and check star data were checked
separately by calculating mean (m) and standard deviation (σ) for the both data groups. In
the first stage, all the data points exceeding the ±3σ distance from the mean were rejected.
After this procedure, the variable data did not need more filtering. In the second stage, the
check star data filtered in the first stage was checked again with the 3σ criteria. Total number
of the rejected observations were n = 3 for ∆VS–C data and n = 17 for ∆VK–C data. Two of these
rejected measurements were simultaneous for both ∆VS–C and ∆VK–C. In the final stage, in
the preliminary stage of the analysis (see the Chapter 3) the data with residuals exceeding
3σ were rejected. Total number of these removed data points was n = 10. Preprocessed ∆VS–C
and ∆VK–C data are plotted into Figure 1.
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2.3 Data accuracy
The means (m) and standard deviations (σ) for the differential magnitudes for the variable




The standard deviation for the check star observations ∆VK–C gave us an internal accuracy
estimate of 0.008 mag. That was slightly worse than the expected precision of 0.005 mag for
automated differential photometry given by Young et al. (1991), or the typical precision of
∼ 0.004–0.005 mag for the good nights with the T3 telescope given by Fekel & Henry (2005).
We used our own accuracy estimate 0.008 mag to test the constant brightness hypothesis
for ∆VS–C. The n = 1231 observations gave χ2 = 40570 for ∆VS–C, which indicated that the
variability of BD Ceti was real. For the n = 1039 check star observations we had χ2 = 913.0
for ∆VK–C, i.e. the brightness of the comparison and the check star seemed to be constant.
Figure 1. The differential photometry of BD Ceti in the V-band. The upper panel gives
∆VS–C data and the lower panel ∆VK–C data. The mean levels are plotted with the dotted
lines. The magnitude scale is the same in the both panels.
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3 Methods
In this work we used the continuous period search (CPS) method (Lehtinen et al., 2011) for
analysing the light curves of BD Ceti.
The light curve of the stars with magnetic activity can evolve in several ways. The light
curve can remain stable over several rotations, it can undergo rapid changes or the periodicity
can even vanish. If only a simple sinusoidal model is used for the whole data or fixed parts of
the data, the results can be incomplete or erroneous. The CPS method can handle better the
evolving light curve of the star, because it models the data in the sliding time windows and
finds a suitable model for any part of the data.
3.1 Data segmentation
The input data for the CPS method are observations y(ti) at time points ti with observational
errors σi. Before the modelling, the data is divided into the short datasets (SET). These
datasets are modelled separately.
The length of the dataset ∆T = tn–ti should be chosen in such way that it meets the
following criteria:
1. The datasets should have enough observations for modelling.
2. The length of the dataset should be short enough so that the light curve can not undergo
significant changes within the dataset.
To fulfil the above-mentioned criteria, we have to choose the lower and upper limits, ∆T1 and
∆T2, for the length of the dataset. The maximum length of the dataset ∆Tmax is
∆Tmax =

∆T1, P0 < 0.5∆T1
2P0, 0.5∆T1 ≤ P0 ≤ 0.5∆T2
∆T2, P0 > 0.5∆T2
(1)
where P0 is an initial estimate of the photometric rotation period.
Consecutive datasets can overlap, but they must contain at least one observation, which
does not belong to the previous or the next dataset, i.e.
SETi * SETi+1 and SETi+1 * SETi (2)
Datasets having n < 10 observations are not modelled.
The overlapping datasets give a better time resolution, but this leads to correlations
between the modelling results. When needed, this correlation can be eliminated by mark-
ing the non-overlapping datasets as independent and comparing only their modelling results.
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The data are also divided into the longer segments (SEG), when there are gaps longer than
∆Tmax in the observations. The segments are used only for identifying the selected parts of
the data.
The notation for the mean of the observation times ti in a dataset is τ.
3.2 Modelling data
3.2.1 Grid search
The CPS method models the data with a Kth order Fourier series







[Bk cos (k2pifti) + Ck sin (k2pifti)] , (3)
where M is the mean and Bk and Ck are the individual cosine and sine amplitudes, and f is
the frequency. The model has 2K + 2 free parameters β¯ = [M,B1, . . . , BK , C1, . . . , CK , f ].
The first stage of the modelling is the grid search (Jetsu & Pelt, 1999). There the data
are fitted using a dense grid of frequencies around the inverse of an initial period estim-
ate P0. When the tested frequency f is fixed, a linear model with free parameters β¯ =
[M,B1, . . . , BK , C1, . . . , CK ] can be used.
The tested period range in the grid search is
(1–q)P0 ≤ P ≤ (1 + q)P0, (4)
where P0 is the initial estimate for the rotation period, which often can be taken from the
earlier published period determinations. We used the value q = 0.15, because in most cases
we can expect that the period changes are within a ±15 % range of the initial period estimate
P0.
The best frequency fbest gives the starting point β¯best = [M,B1, . . . , BK , C1, . . . , CK , fbest]
used in the next stage.
3.2.2 Refined search
The second stage of the CPS is the refined search (Jetsu & Pelt, 1999). It applies a standard


















. The iteration requires a correct starting point, β¯0 =
β¯best, which is given by the grid search result. The refined search can find a solution even
outside, but close, to the grid search interval (Lehtinen et al., 2011).
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3.2.3 Model order
The order K of the best model for each dataset is solved by calculating the Bayesian inform-
ation criterion coefficient




+ (5K + 1) lnn, (6)
where λ(y¯, β¯) = χ2(y¯, β¯)/(
∑n
i=1 wi) i.e. the first term is χ
2 type minimization of the model.
The second term gives a additional penalty for too high orders of the model (Lehtinen et al.,
2011, Eq. 6). The test goes through all the models from K = 0 to the chosen upper limit of
the model K = Klim. The K value giving the lowest RBIC value is selected as the order of the
best model. The best order of the model is solved for each dataset separately.
3.2.4 Error and reliability estimates
The error estimates for the model parameters are determined with the bootstrap method




from the observations y (ti) we get




. We create a new sample of
residuals ¯∗ by selecting a random sample from the original residuals ¯. A new sample of





χ2 for y¯∗ gives us new estimates for the model parameters β¯∗. This random re-sampling is
repeated S times. In the CPS, the typical number of S = 200. The variance of S estimates of
the each model parameter gives their error estimates.
To eliminate problems caused by low quality data, we need to check, if ¯ distribution
is Gaussian (Jetsu & Pelt, 1999). The reliability of the model is estimated by testing the
Gaussian hypothesis
HG: x¯ represents a random sample drawn from a Gaussian distribution,
where x¯ denotes the residuals or the distribution of any model parameter obtained from the
bootstrap procedure. If any of these distributions does not fulfil the HG hypothesis, which
means the data quality is inhomogenous, the whole model is interpreted as being unreliable.
This Gaussian hypothesis is tested with the Kolmogorov-Smirnov test. The significance level
for rejecting HG is γ = 0.01.
3.2.5 Light curve parameters
The modelling gives directly the mean M and the period P = f–1. The total amplitude A
and the epochs of the primary and secondary minima, tmin,1 and tmin,2, must be determined
numerically from the model. All these parameters can be determined only with the models
K ≥ 2. The K = 1 models can not have a secondary minimum, and the K = 0 models give
only the mean M .
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3.3 Time scale of change
Modelling gives us a possibility to study, how fast the light curve evolves in time (Lehtinen
et al., 2011). The time scale of change, TC , for each dataset can be determined by checking,
how many subsequent datasets fit with the same model. If the light curve is stable between
two dataset i and i+ k, their residuals ¯i and ¯i+k with the model yˆ(t) of the dataset i should
fulfil the hypothesis
HK2: ¯i+k and ¯i represent random samples drawn from the same distribution
HK2 is tested with two sample Kolmogorov-Smirnov test. The significance level for rejecting
HK2 is γ = 0.01. Only the reliable datasets are used in solving TC and this comparative testing
is restricted only to the segment of dataset i.
3.4 Spurious period variation
The CPS method gives rather stable results for the amplitudeA, the meanM and the primary
minimum phase ϕmin,1 even with low amplitude to noise ratios A/N . However, it was noticed,
that the period P (τ) estimates can exhibit quite significant spurious variations (Lehtinen















wi and wi = σ–2P,i. This parameter
Z measures the variability of P (τ) within the weighted ±3∆Pw limits.
If all the analysed period changes Z are a sum of the real changes Zphys and the spurious
changes Zspur, we can calculate
Z2phys = Z
2–Z2spu (8)
Lehtinen et al. (2011) calculated Zspu estimates with simulated test data for different A/N
values. Equation (8) gives us a reasonable value for Zphys only if Zphys and Zspur are un-
correlated. However, due to the possible changes of the amplitude A and the uncertainties
in observational accuracy σ during the observations, Lehtinen et al. (2011) could only get a
rough estimation for Zspu.
3.5 Kuiper test
To identify active longitudes from the epochs of the light curve minima we used the non-
weighted Kuiper test (Kuiper, 1960; Jetsu & Pelt, 1996). It is a non-parametric period ana-
lysis method, which is useful in studying periodicity of circular data. It is also sensitive to
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the cases, where the phases φi of the time points ti have bimodal or multimodal distribution.
We used the formulation of the test presented by Jetsu & Pelt (1996).
First the phases φ1,P . . . φn,P of the time points t1 . . . tn with tested period P are solved and
arranged into ascending order (rank order). Then a sample distribution function
Fn (φ) =

0, φ < φ1,P
in–1, φ1,P ≤ φ < φi+1,P , 1 ≤ i ≤ n–1
1, φ > φn,P
(9)
is computed.
The null hypothesis is
H0 : The phases represent a random sample drawn from a distribution,
which has a cumulative distribution function F (φ) = φ.
In this case, H0 is that phases φi are uniformly distributed over [0, 1) and F (φ) = φ, i.e. no
periodicity is present. The preassigned significance level for rejecting H0 is denoted with γ.
It represents the probability of falsely rejecting H0 in the case when it is true.
Kuiper test statistic is Vn = D+ + D–, where D+ is the maximum value of Fn (φ) –F (φ)
and D– is the maximum value of F (φ) –Fn (φ). Under H0, there is a probability that there























where O(n–1) ≈ 0, if n ≥ 20. H0 is rejected if and only if Q ≤ γ.
The Kuiper test will be applied within the selected frequency interval fmin ≤ fi ≤ fmax,
fmin = P
–1




for the number of the
independent frequencies, where f0 = ∆T –1 and ∆T = tn–t1 (Jetsu & Pelt, 1996).
The highest peak of periodogram Vn(fbest) represents the best period estimate Pbest =
f–1best. Form independent tested frequencies, a fixed preassigned significance level γ is reached





In the CPS analysis we used the maximum length of the dataset ∆Tmax= 50 d and each
dataset had to contain at least n ≥ 10 observations. The initial period estimate P0 = 34.46 d
for the grid search was taken from Lines et al. (1982).
The CPS divided the data into 390 datasets in 24 segments. The analysis gave the light
curve parameters M(τ), A(τ), P (τ), tmin,1(τ) and tmin,2(τ). The error estimates for these
parameters were determined with the bootstrap method (see chapter 3.2.4). We checked
the reliability of these estimates. When M(τ), A(τ), P (τ) and tmin,1(τ) were classified as
reliable, the whole dataset was identified as reliable R(τ) = 0, otherwise the dataset was
regarded unreliable R(τ) = 1. The numbers of independent IND(τ) = 1 and non-independent
IND(τ) = 0 datasets, together with their reliabilities, are given in Table 2.
The chosen upper limit for the model order was Klim = 2. The best orders were K = 2 for
358 datasets and K = 1 for 32 datasets. There were no datasets with K = 0, i.e. periodicity
was detected in every dataset.
Table 2. Different datasets
IND(τ) = 1 IND(τ) = 0
R(τ) = 0 R(τ) = 1 R(τ) = 0 R(τ) = 1
n = 36 n = 0 n = 331 n = 23
All observations and modelled light curves of the independent data sets are plotted into
Figure 2 as a function of the phase
φ = φ1 + φa1,1, (11)
where the phases for the datasets φ1 = FRAC[(ti − tmin,1(τ))/P (τ)] and phases φa1,1 of the
primary minima times tmin,1(τ) were computed from the constant period ephemeris
HJDa1 = 2 448 184.1832 + 34.6001E, (12)
where the period of 34.6001 d was detected with the Kuiper test results (see Chapter 4.6).
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Figure 2. The data and the modelled light curves of the independent datasets. The number
of segments (SEG) and sets (SET) are given on the top and τ is given in years on the bottom
of the panels. The phases were calculated with Eqs. 11 and 12.
4.2 Time scale of change
CPS gave the time scale of the change of the light curve TC (τ) for 367 reliable dataset models.
In 82 cases the light curve changed before the end of the segment. In these datasets, the mean
of TC was 37.3 days. In 285 datasets, the light curve model did not change before the end of
the segment. In these cases, TC (τ) was determined as τEND − τi, where τEND was the τ of the
last dataset of the segment. These datasets had the mean TC = 31.5 days. The mean of TC in
all these reliable datasets was 32.8 days. In 60 datasets TC (τ) was greater than the chosen
4Tmax = 50 d.
The means of TC and the fraction of the datasets with TC (τ) > ∆Tmax indicated the length
of the chosen ∆Tmax was good enough for modelling the light curve evolution of BD Ceti. Our
value for ∆Tmax was a compromise between two limits: (a) including more than one rotation
period in a dataset, and (b) having the length of the dataset short enough to allow for rapidly
evolving light curves. It seemed that in some parts of the data the light curve changes had
the same time scale as the rotation period of the star. Hence, our modelling was reliable,
because ∆Tmax was mainly shorter than TC (τ).
16
4.3 Graphical presentation of the analysis
CPS gave a graphical presentation of each segment. Three examples are given in Figures 3,
4 and 5. The symbols used in all figures are summarized in Table 3. The initial estimate of
the period P0, the median of the periods Pmed, the maximum length of the dataset ∆Tmax and
the upper limit of modelling order Klim are given on the top of the figures. The figures have
subplots plotted as a function of τ :
(a) the standard deviation of the residuals σ (τ),
(b) the order of the model K (τ) with units on the left axis, and the number of the
observations n in the dataset with plus signs with the units on the right axis,
(c) the mean M (τ),
(d) the time scale of the change of the light curve TC (τ), the units are days, the
upward arrows denote the cases, where the light curve did change before the end
the segment,
(e) the amplitude A (τ),
(f) the period P (τ), P0 is plotted with a solid horizontal line,
(g) the primary and the secondary minimum phases φmin,1 (τ) and φmin,2 (τ),
(h) the correlation of M (τ) versus P (τ),
(i) the correlation of A (τ) versus P (τ) ,
(j) the correlation of A (τ) versus A (τ) .
Table 3. Symbols in figures
symbol values independence and reliability error bars
 σ (τ), K (τ), TC (τ) IND (τ) =1, R (τ) = 0 no
 σ (τ), K (τ), TC (τ) IND (τ) =0, R (τ) = 0 no
 M (τ), A (τ), P (τ), φmin,1 (τ) IND (τ) =1, R (τ) = 0 yes
 M (τ), A (τ), P (τ), φmin,1 (τ) IND (τ) =0, R (τ) = 0 yes
× M (τ), A (τ), P (τ), φmin,1 (τ), σ (τ) R (τ) = 1 no
N φmin,2 (τ) IND (τ) =1, R (τ) = 0 yes
M φmin,2 (τ) IND (τ) =0, R (τ) = 0 yes
+ φmin,2 (τ) R (τ) = 1 no
7→ TC (τ) TC (τ) = −1 no
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Figure 3. Segment SEG = 6 (J.D. 2 449 638.7 – 2 449 747.6): During this segment M (τ) de-
creased, but A (τ) and P (τ) remained nearly constant. Both primary and secondary minima
could be detected. All models had an order K = 2. The number of the observations varied in
the range of 14 ≤ n ≤ 26. Note that the light curve did not change after the dataset SET = 7
(upward arrows in the panel d).
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Figure 4. Segment SEG = 16 (J.D. 2 452 542.9 – 2 452 665.6): During this segment M (τ)
decreased slightly, A (τ) remained nearly constant, but P (τ) showed some change. Both
primary and secondary minima could be detected. Their active longitudes remained stable,
but the phase of the primary and secondary switched several times during the segment. All
models had an order K = 2. The number of the observations varied in the range of 22 ≤ n ≤
29. Note that the values of TC (upward arrows in the panel d) indicate that the light curve
did not change during the whole segment.
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Figure 5. Segment SEG = 22 (J.D. 2 454 347.8 – 2 454 486.6): During this segment M (τ)
decreased, A (τ) underwent minor changes, and P (τ) increased slightly. Both primary and
secondary minima could be detected. Their phases remained the same, but the switch of the
primary and secondary after the 4th dataset lasted to the end of the segment. All models had
an order K = 2. The number of the observations in datasets was 19 ≤ n ≤ 30.
4.4 Long-term variations
The long-term variations of M (τ), A (τ) are shown in Figure 7 and those of P (τ) in Figure
8. The parameters M (τ) and A (τ) seemed to undergo regular changes, but the variation
of P (τ) seemed more irregular. The mean M (τ) had minima during 1996 and 2002 and a
maximum in 2008. The amplitude A (τ) reached maxima in 1996 and 2010, and a minimum
between 2005 and 2007. These M (τ) and A (τ) variations seemed to indicate the presence of
a long starspot activity cycle of BD Ceti.
To test the presence of activity cycles, we calculated the Horne-Baliunas periodogram
(Horne & Baliunas, 1986) to four activity indicators:
M (τ) ≡ longitudinally uniform spot distribution
A (τ) ≡ longitudinally non-uniform spot distribution
M (τ) +A (τ) /2 ≡ maximum spot coverage
M (τ)−A (τ) /2 ≡ minimum spot coverage
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The periodogram zHB (f) was calculated for n = 36 independent and reliable M (τ) and A (τ)
values. The best solutions for the activity cycle periods Pcyc for each four indicators and their
false alarm probabilities F (Horne & Baliunas, 1986, Eq. 18) are given in Table 4.
Table 4. Horne-Baliunas results for activity cycles.
Pcyc F
M (τ) 15.887 0.044651
A (τ) 7.332 0.039175
M (τ) +A (τ) /2 7.061 0.018879
M (τ)−A (τ) /2 17.985 0.000392
All the four indicators gave us different period estimates for the activity cycle. We got the
most significant solution of Pcyc = 17.985 years for the minimum spot coverageM (τ)−A (τ) /2.
This cycle probability was 1−F = 0.9996. Horne-Baliunas periodogram for the minimum spot
coverage is plotted into Figure 6. However, this long cycle covers 90 % of the time span of the
data, which was ∆T = 20 years. The next 15 years will show if this activity cycle of BD Ceti
is a real phenomenon.
Figure 6. Horne-Baliunas periodogram zHB (f) for minimum spot coverage M (τ)−A (τ) /2.
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Figure 7. The yearly variation of M (τ) and A (τ).
4.5 Differential rotation
We can estimate the differential rotation of the BD Ceti, if we assume that the short term
periodicity is caused by the rotation of the spotted areas, and that the variation of the period
P (τ) is indicating starspot rotation with varying angular velocities at different stellar latit-
udes.
The weighted mean of periods of the independent datasets was Pw±∆Pw = 35.065±0.848.
We got a dimensionless parameter Z = 0.145 (Eq. 7). The mean of half amplitude A (τ) /2 =
0.056 mag and the data accuracy σ ≡ N = 0.008 mag (Chapter 2.3), gave a signal to noise ratio
A/N = 7. According to Lehtinen et al. (2011, Table 2), this A/N induces spurious changes of
Zspu = 0.04. Using Eq. 8, we determined the real changes to be Zphys ≈ 0.139 ≡ 14%. Thus,
the significance of spurious changes was insignificant.
We tested also the constant period hypothesis P (τ) = Pw ≡ constant. With n = 36 inde-
pendent period estimates Pi = P (τi), the residuals i = Pi−Pw and errors σPi gave χ2 = 77.8.
Hence, we rejected the constant period hypothesis, and the period changes seemed to be real.
We assumed solar-type differential rotation
P (b) = Peq
[
1− k sin2 (b)] , (13)
where b is stellar latitude, Peq is the rotation period at the equator and k is the differential
rotation coefficient. If the maximum and minimum latitudes of the star spot activity are bmax
and bmin, a parameter
h = sin2 (bmax)− sin2 (bmin) (14)
22
could be calculated. Then the differential rotation coefficient is
k = ∆P/(hPeq), (15)
where ∆P = P (bmax) − P (bmin). We could choose the maximum and minimum observed
rotation periods for the values of P (bmax) and P (bmin) (Jetsu et al., 2000).
To derive the differential rotation coefficient of BD Ceti from parameter Z, we used the
estimate Pw ∼= Peq and 6∆Pw ∼= ∆P . This was the relation |k| ≈ Z/h used by Jetsu et al.
(2000). The case where starspots formed at all latitudes from the equator to the pole, gave
h = 1. In other cases, the value fulfills h < 1⇒ |k| > Z ≈ 0.14.

























From this we got ∆Ω = 0.025 rad/d.
Figure 8. Yearly variation of P (τ). The value of Pw is plotted with solid horizontal line and
the ±3∆Pw limits with dashed lines.
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4.6 Active longitudes
We studied the longitudinal distribution of activity using the primary and secondary minima
tmin,1 and tmin,2 of the modelled light curves. CPS gave us results for the primary minima at
all 390 datasets and as well as secondary minima for 170 datasets. The number of independ-
ent and other datasets, as well as their reliabilities are given in Table 5.
Table 5. Primary and secondary minima
IND(τ) = 1 IND(τ) = 0
R(τ) = 0 R(τ) = 1 R(τ) = 0 R(τ) = 1
tmin,1 (τ) n = 36 n = 0 n = 331 n = 23
tmin,2 (τ) n = 15 n = 0 n = 144 n = 11
We calculated the phases φmin,1 and φmin,2 for the epochs of the minima using the period
P12 = 34.6001± 0.0142 d. This period was determined with the non-weighted Kuiper test (see
Chapter 3.5). We tested periods close to the weighted mean period Pw. The test range was
between Pmin = 0.85Pw = 29.8 d and Pmax = 1.15Pw = 40.1 d. We applied the Kuiper test to
n = 51 primary and secondary minima of the reliable and independent datasets. For the best
period estimate P12, the Kuiper test periodogram gave value Vn,12 = 0.420 and the critical
level for this result was QK,12 = 3.0 · 10–5 (see Chapter 3.5). The Kuiper test periodogram is
plotted into Figure 9.
We also performed the test only for n = 36 primary minima. This gave exactly the same
period P1 = 34.6001±0.0183 d with a value Vn,1 = 0.526 having a critical level QK,1 = 3.4 ·10–6.
Figure 9. Kuiper test periodogram Vn(f) for tmin,1 and tmin,2 between Pmin = 29.8 d and
Pmax = 40.1 d.
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Figure 10. The phases φmin,1 and φmin,2 for the primary and secondary minima computed
with the ephemeris of Eq. 12. Most of the primary minima are located at φal,1 ≈ 0.25 (long
dashed line). The secondary minima had a larger scatter and were mostly concentrated
around φal,2 ≈ 0.75 (dashed line).
The phases of the primary and the secondary minima are plotted into Figure 10. We
estimated approximate average phases for both minima and sketched them into the figure.
The main active longitude at φal,1 ≈ 0.25 for the primary minima existed through the whole
observing period ∆T = 20 years. The majority of the primary minima were located at this
active longitude. Another active longitude at φal,2 ≈ 0.75 for the secondary minima existed
only occasionally.
The main activity stayed at φal,1 in 1990–1994 (SEG = 1–5). The weaker activity exis-
ted only in SEG = 1 at φal,2, and then vanished for the next four segments. During season
1994–1995 (SEG = 6) the primary longitude underwent phase shift downwards to φ ≈ 0.2 and
the secondary longitude appeared at φ ≈ 0.55. During 1995–1998 (SEG = 8–11) the primary
longitude returned to φal,1.
During the season 1998–1999 (SEG = 12) the primary and the secondary seemed to switch.
This was probably only an apparent phenomenon. The amplitude of the light curve of BD Ceti
was very low and both minima were weak, which can be seen in Figure 2. The phases of both
longitudes still remained close to φal,1 and φal,2.
In the season 1999–2000 (SEG =13) both longitudes underwent an upward phase shift.
The main activity appeared at φ ≈ 0.45 and the weaker activity at φ ≈ 0.95. The light curve
amplitude was still rather low and the depths of the minima were almost equal (see Figure
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2). During the next two seasons in 2000–2002 (SEG = 14–15) the main activity was at φal,1.
The second active longitude reappeared at φal,2 in the latter season.
In season 2002–2003 (SEG = 16), the main activity remained at φal,1, but the secondary
had phase shifted to φ ≈ 0.9. During this season the primary and the secondary active
longitudes seemed to switch their places several times, but both remained rather constant
(see Figure 4, panel g). This was probably due to the low light curve amplitude having equally
weak minima.
During the seasons 2003–2005 (SEG = 17–18), both active longitudes existed close to φal,1
and φal,2, except for SEG = 17. The light curve amplitude was still rather low and especially
the secondary minima were weak. In the season 2005–2006 (SEG = 20), the primary longit-
ude underwent the strongest phase shift and it was relocated at φ ≈ 0.05. In this season, the
light curve had the lowest amplitudes at the end of the segment.
In season 2006–2007 (SEG = 21), the activity was close to φal,1 and φal,2, but the primary
and secondary longitudes had switched their places. There was no real radical change of
the active regions, because the amplitude of the light curve was low and the depths of both
minima were almost equal. This caused the apparent swapping of the primary and secondary
minima. In the beginning of the season 2007–2008 (SEG = 22), the primary longitude was
close to φal,1 and the secondary close to φal,2. In the 4th dataset, they switched their places,
but the activity remained at the original phases (see Fig. 5, panel g). The locations were
similar to the previous segment: the minima were equally weak and the amplitudes were
moderate.




CPS was applied to study the temporal evolution of the light curve parameters of BD Ceti.
The variation of M(τ) and A(τ) could be explained as changes in numbers and surface areas
of starspots. The changes of P (τ) were less regular and could be interpreted as presence
of differential rotation. The variations in the light curves of BD Ceti are quite typical for
chromospherically active stars, such as young solar analogues or rapidly rotating giants. The
long observing period of ∆T = 20 years allowed us to study the light curve evolution and
compare it to the earlier studies.
5.1 Activity cycles
We got the best long-term activity cycle Pcyc = 17.985 years for the minimum spot coverage
M(τ)–A(τ)/2. This was only slightly shorter than our observing period of 20 years, so we
could not confirm if this was a real phenomenon. To confirm this long-term cycle of 17.985
years, we would need at least 15 years of more data.
Quasiperiodic long-term variations are quite common in the chromospherically active
stars. Henry et al. (1995) found long-term activity cycles 8.5 ≤ Pcyg ≤ 16 years for four
other RS CVn stars λ And, σ Gem, II Peg and V711 Tau. Hall (1990; 1991b) found activity
cycles 10 ≤ Pcyc ≤ 41 years for RS CVn stars UX Ari, SS Boo and CG Cyg. In more general
context, Baliunas et al. (1995) have studied 25 years of Ca II H and K emission data for 111
spectral type F2–M2 stars. They found long-term fluctuation similar to the 11 years activity
cycle of the Sun having ranges of 2.5 ≤ Pcyc ≤ 21 years. These activity cycles were not very
stable. In their Ca II variability study of 13 active star, Oláh et al. (2007) noticed that cycle
length changes were 10–50 % during the observed 2–4 activity cycles. The activity cycle of
the Sun itself has been observed to vary between 8 and 15 years (Eddy, 1980).
Some eclipsing binaries, such as Algol and W UMa stars, were seen to undergo orbital
period Porb modulations over time scale of decades. The amplitude of modulations were about
∆Porb/Porb ∼ 10–5. Hall & Kreiner (1980) showed that this kind of modulations also occur
in RS CVn stars. Applegate (1992) suggested that these modulations can be explained by
gravitational coupling of the orbit to the variable deformations of the magnetically active
component in the binary system. These deformations are produced by changes of angular mo-
mentum of the star. Applegate (1992) found that this explanation can be tested by comparing
the period of the modulations to the variations luminosity and other indicators of magnetic
activity, such as starspot amplitude, coronal X-ray luminosity or emissions cores in Ca II or
Mg II spectral lines. These variation should show the same period with the modulations of
Porb.
The modulations of Porb could be a partial explanation to the long period variability of BD
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Ceti, but the Pcyc = 17.985 is not very obvious in the other activity indicators. Our observing
period of 20 years may also be too short to confirm the time scale of decades of orbital period
modulation.
5.2 Differential rotation
If we assumed that the activity was present at all the latitudes from the equator to the poles
of BD Ceti, we got h = 1.0 (Eq. 14) and our result for the differential rotation coefficient was
|k| > 0.14. We had a rather good signal to noise ratio A/N = 7, which decreased the influence
of the spurious period changes, so we could assume that our estimate represented real period
changes.
We compared our result with different latitudinal activity ranges. These results are col-
lected into Table 6. Figure 11 gives a graphical presentation of the comparisons.
We could compare the result to those estimated for other RS CVn stars. For example
Kajatkari et al. (2013) got 0.14 . k . 0.21 for σ Geminorum, when 0.5 . h . 0.75. This star
was a reasonable choice for the comparison, because it belongs also into the same long period
group of RS CVn stars with Prot = 19.6 days. When we used the same values of h for BD Ceti,
we got slightly higher values for k than those of σ Geminorum (see Table 6).
When we used the solar latitudinal activity range 0° . b . ±30°≡ h ≈ 0.25, the resulting
differential rotation coefficient value was k = 0.56, which is almost three times of the solar
value k = 0.20.
We compared our result also to the relation between stellar rotation period Prot and ob-
served k′ values by Henry et al. (1995)
log k′ = –2.12 + 0.76 logProt − 0.57F (17)
where Roche lobe filling factor is F = Rstar/RRoche and Prot is in days. The last term gives
correction for the stars, which have nearly filled their Roche lobe and have less differential ro-








where q is mass ratio of the binary component M1/M2 and a is the distance of the mass
centers. This relation gives the radius with a 1 % accuracy for the whole range of q. We used
M1 = 2.5M by Stawikowski & Glebocki (1994). We got M2 = 1.5M from mass ratio q = 0.6









where semi-major axis a of the system, i.e. the distance between the stars, is in au and Porb
in years. Using orbital period Porb = 35.1 d = 0, 0961 years, we got a = 0.333 au = 71.6R. This
gave us RRoche = 24.0R. Finally, Rstar = 14R (Drake et al., 1989; Stawikowski & Glebocki,
1994) gave F = 0.58.
Our result Prot = 35.065 (see Chapter 4.6) gave k’ = 0.052 with Eq. 17. This is about one
third of our minimum value, |k| = 0.14 with h = 1.0 (Table 6).
Henry et al. (1995) presented the relation in Eq. 17 with the estimates of individual stars
(their Fig. 28). When we placed our values logProt = 1.54 and log k = –0.85 onto their graph,
our result was located in the scattered area of differential rotation estimates. When we used
0.5 . h . 0.75, our result was near to the upper edge of the scattered area. BD Ceti seemed
to have stronger differential rotation than the average sample of chromospherically active
stars.
Table 6. Comparison of differential rotation coefficient k results
h = 1.0 h = 0.75 h = 0.5 h = 0.25 Eq. 16
|k| 0.14 0.19 0.28 0.56 0.052
There are also other published relations for estimating differential rotation. The differen-
tial rotation rate ∆Ω seems to be a function of the effective temperature Teff . Collier Cameron







The effective temperature estimates of BD Ceti are given in our Table 1d. For comparison, we
selected the lowest value Teff = 4460 K of Strassmeier et al. (1988) and the highest estimate
Teff = 5078K from p-model of Bailer-Jones (2011). These results were compared to differential
rotation rates ∆Ω = 2pik/P with some h values in Table 7. The lowest Teff values gave smaller
results than any of our estimates for h values. The highest Teff gave the differential rotation
rate that was of the same order with h = 0.5. The solar type activity range h = 0.25 gave
much higher value of 4Ω than the Collier Cameron (2007) relation.
Reinhold et al. (2013) and Küker & Rüdiger (2011) found that below Teff ≈ 6000 K there
is only a weak relation between effective temperature Teff and differential rotation rate ∆Ω.









The lowest and highest Teff estimates were again compared to the results calculated from h
values in Table 7 . Both temperatures gave results which are of the same order with h = 0.5
result. The wide latitudinal activity range (h > 0.5) gave lower values, and solar type activity
range (h = 0.25) gave a higher value than the Küker & Rüdiger (2011) relation.
Both Collier Cameron (2007) and Küker & Rüdiger (2011) rested their relations on the
studies of main sequence stars. Hence, we emphasize here that the active star in the BD Ceti
binary system is a giant, i.e. not a main sequence star.
We compared Reinhold et al. (2013) statistics of rotational rate for over 18 000 stars meas-
ured by the Kepler satellite. The estimates of BD Ceti were located on around of their detec-
tion limit and below the average value of the studied sample of stars.
The rotational rate ∆Ω based on latitudinal active range h = 0.5 with the highest Teff
seemed to have the best fit with both Collier Cameron (2007) and Küker & Rüdiger (2011)
Teff relations (Eqs. 20 and 21) and Reinhold et al. (2013) statistics. The varying effective
temperature estimations gave the biggest uncertainties to our results. We would need also
better information of latitudinal active range, e.g. from Doppler imaging.
Table 7. Comparison of differential rotation rate ∆Ω [rad/d] results
Teff = 4460 K Teff = 5078 K h = 1.0 h = 0.75 h = 0.5 h = 0.25
∆Ω (Eq. 20) 0.016 0.049
∆Ω (Eq. 21) 0.047 0.061
∆Ω (our results) 0.025 0.033 0.050 0.100
Figure 11. Comparison of Eq. 20 (Collier Cameron, 2007) and Eq. 21 (Küker & Rüdiger,
2011) to our results of differential rotation rates ∆Ω with different latitudinal activity ranges
h and effective temperature estimations Teff .
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The differential rotation estimations of BD Ceti are higher than for example those of σ
Geminorum or the Sun. This is consistent with the results that slower rotating stars have
higher differential rotation rates than the fast rotators (Hall, 1991b; Kitchatinov & Rüdiger,
1999; Reinhold et al., 2013). BD Ceti has 1.8 times longer rotation period than σ Gem and
about 1.3 times longer than the Sun.
Howard (1994) pointed that the measurement of the solar differential rotation has many
uncertainties. To solve a latitudinal function of the differential rotation, a large number stat-
istical data is needed. Figure 2 in Howard (1994) shows clearly, that the scatter of measure-
ments of the individual sunspots is very large at all latitudes. In other words, the photometric
measurements of the single active regions could give misleading results.
Kajatkari et al. (2013) remarked, that their CPS analysis might overestimate differential
rotation with the stars having a long rotation period. The poor phase coverage of observations
can lead to uncertain period estimates. In Figure 2, we could see that in some datasets the
phase distribution of the observations was far from adequate. It was argued that starspots
may indicate better the motion of the magnetic field itself rather than the actual surface
rotation (Korhonen & Elstner, 2011).
There are also misleading simplifications with the CPS analysis. It assumes that the
period is connected to one starspot or starspot area. If we have two spots with slightly differ-
ent rotation periods P1 and P2, both contribute to the observed P . Their interference gives a
period Prot, which does not represent P1 or P2. These kind of periods Prot mislead estimates
of differential rotation.
5.3 Active longitudes
We found one persistent active longitude, which existed through the whole observing period of
∆T = 20 years. The second active longitude, which was located close to the opposite side of the
star, was present only in half of the datasets. With the ephemeris of Eq. 12, the main activity
appeared close to φal,1 ≈ 0.25 in every dataset, where the amplitude of the light curve was
high. The primary active longitude underwent probably apparent phase shifts only in those
datasets where the light curve had a low amplitude. The only exception to this behaviour
occurred in the season 1994–1995 (SEG = 6). In this season, the main activity underwent a
moderate phase shift, but the amplitudes of the light curves were not very low.
The activity switch between φal,1 and φal,2 occurred in the four segments (SEG = 12, 16,
21 and 22). This was perhaps only an apparent phenomenon. All those events occurred for
low-amplitude light curves, where the depths of the primary and secondary minima were
nearly equal. The activity remained close to φal,1 and φal,2, i.e. no activity migration from
one longitude to another did not necessarily occur. Clear activity shifts between two active
longitudes, “flip-flops”, have been detected in many chromospherically active stars (Jetsu
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et al., 1993; Elstner & Korhonen, 2005). However, we did not find clear evidence for that such
flip-flop events happened in BD Ceti.
The weighted mean of the periods in the independent datasets was Pw±∆Pw = 35.1± 0.8.
The long-lived active longitudes detected with non-weighted Kuiper test from primary and
secondary minima followed a period of P12 = 34.6±0.01d (i.e. the ephemeris of Eq. 12), which
was close, but not equal, to the rotational and orbital period Pw ∼= Porb = 35.1 d. The rotation
of the star, Pw, seemed to be synchronized with the orbital motion Porb. The small difference
between P12 and Pw may indicate an azimuthal dynamo wave, which rotates slightly faster
than the star. The dynamo wave may exist deeper in a layer, where the starspots are formed.
When the spots rise to the surface, their rotation will be slowed and approach the rotation
and orbital period. Signs of these kind of azimuthal dynamos were detected also in other RS
CVn type stars, e.g. II Peg and σ Gem (Hackman et al., 2011, 2013; Lindborg et al., 2013;
Kajatkari et al., 2013).
The longitudinal distribution of active regions was studied also in the Sun. Bai (1988)
analysed the coordinates of the major solar flares observed during the years 1955–1985. Al-
most half of all observed major flares seemed to be connected to superactive regions. These
regions appeared more frequently in so called hot spots in the Sun. He found two hot spots
from northern hemisphere of the Sun which were 180° apart from each other. These existed
during solar cycles 20 and 21. During cycle 19 three hot spots with a poor statistical signi-
ficance were also found. From southern hemisphere Bai found one hot spot, which remained
stable during three solar cycles and another spot, which was observable during the cycles 19
and 21. Bai (1988) estimated the synodic rotation period of 26.72 d for the hot spots in the
northern hemisphere and 26.61 d in the southern hemisphere.
Jetsu et al. (1997) reanalysed the results of Bai (1988) with weighted time point series
versions of tests by Kuiper (1960) (WK-method) and by Swanepoel & de Beer (1990) (WSD-
method). The results were tested also with the additional new solar flare data during the
years 1989–1993. They found that the longitudinal distributions of the solar flares were non-
uniform. The period 22.069± 0.016 d explains the two active longitudes on both hemispheres.
On the other hand, the period 26.722±0.015 explains active zones on the northern hemisphere.
But there was no periodicity on the southern hemisphere. These phenomena are interpreted
as a trace an non-axisymmetric component of solar magnetic field. However, Jetsu et al.
(1997) noted that their results had several inconsistencies.
The active longitudes of the Sun were studied also with the sunspot data. Berdyugina
& Usoskin (2003) analysed 120 years of sunspot group location data. They found two per-
sistent active longitudes with a 180° separation, which remained the whole time span of the
data. The longitudes seemed to migrate against the Carrington reference frame. This was
explained by the changes of the mean latitude of starspot formation during solar cycle and by
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differential rotation. They found also that the main activity was switching between those two
longitudes in about 1.5–3 years like in the “flip-flop” phenomenon observed in active stars.
Pelt et al. (2010) studied longitudinal distribution of solar activity regions. Only the emer-
ging sunspot groups were taken into account. Non-parametric statistical analysis was used
for studying the spatial correlation of the activity regions. They found that the large-scale
active regions take part in differential rotation, as well as sunspots and sunspot groups. The
persistence of the regions dissolves during 7–15 solar rotations.
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6 Conclusions
We studied ∆T = 20 years UBV differential photometry data of BD Ceti with the CPS method.
The estimated internal accuracy of our V-band photometry was 0.008 mag, which gave us
signal to noise ratio A/N = 7.
We studied yearly variation of the light parameters P (τ), A(τ), M(τ), tmin,1 and tmin,2.
Periodicity was detected in every dataset.
There was a long-periodic activity cycle, Pcyc = 17.985 years, in the minimum spot coverage
M(τ) − A(τ)/2. Because this cycle covers 90 % of the time span of the data, we could not
confirm if this cycle is a real phenomenon.
The weighted mean of the periods of the independent datasets was Pw ±∆Pw = 35.065 ±
0.848 days. We estimated that the real changes of the period are Zphys ≈ 0.139 = 14%. The
lowest estimate for differential rotation rate was ∆Ω = 0.025 rad/d.
If the activity is present at all the latitudes from the poles to the equator, differential
rotation coefficient is |k| > 0.14. With solar latitudinal activity range 0° . b . ±30°, we
got k = 0.56, which is almost three times larger than the solar value k = 0.20. Using the
latitudinal active range of another long periodic RS CVn star σ Geminorum gave 0.19 . k .
0.28, which is slightly higher than the values of σ Geminorum 0.14 . k . 0.21 (Kajatkari
et al., 2013). This slower rotating star BD Ceti seems to have a higher differential rotation
rate than e.g. the Sun or σ Geminorum.
We studied the differential rotation as a function of the effective temperature Teff using the
relations of Collier Cameron (2007) and Küker & Rüdiger (2011). We compared our results
also with Reinhold et al. (2013) statistics of rotational rates of 18 000 stars measured by
Kepler satellite. With the lowest estimate of Teff = 4400 K by Strassmeier et al. (1988) and
the highest estimate of Teff =5078 K by Bailer-Jones (2011), we found that our results agree
with the predictions by Collier Cameron (2007), Küker & Rüdiger (2011) and Reinhold et al.
(2013). Our best fit with these predictions was with a latitudinal active range h = 0.5 and the
newest Teff estimates by Bailer-Jones (2011) (Figure 11).
We detected two long-lived active longitudes. The first one existed through the entire
observing period ∆T = 20 years. The second active longitude was present only half of the
time. These longitudes were located close to the opposite sides of the star. The non-weighted
Kuiper test gave the period P12 = 34.6± 0.01d for those active longitudes. That is close to the
orbital and rotational periods Pw ∼= Porb = 35.1d. The small difference may be an evidence of
an azimuthal dynamo wave which rotates slightly faster than the star. Thus, BD Ceti may
undergo similar magnetic phenomena as many other RS CVn stars, like II Peg and σ Gem
(Hackman et al., 2011, 2013; Lindborg et al., 2013; Kajatkari et al., 2013).
The evolution of the light curve, possible long-term activity, observed differential rota-
tion and the evidence of active longitude existence with some spectral line features show
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that BD Ceti is a typical chromospherically active star with starspot activity. It is a typical
RS CVn star. The tidal interaction between the binary system components has accelerated
the rotation of the active component, which maintains magnetic and chromospheric activity.
However, in the group of RS CVn stars, BD Ceti has quite a long rotational period Prot. In
this context our relatively high differential rotation values are consistent with the results by
Hall 1991b, Kitchatinov & Rüdiger 1999 and Reinhold et al. 2013.
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Table A1. The seasons, segments and sets of the data
Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
1990–1991
1
1 48183.8 48232.6 22
2 48185.8 48235.6 24
3 48186.7 48236.7 24
4 48201.7 48245.6 20
5 48208.7 48258.6 17
6 48214.7 48264.6 14
7 48219.7 48269.6 13
8 48230.7 48275.5 15
2 1 48413.0 48437.9 13
1991–1992 - - 48798.0 48810.0 5
1992–1993
3
1 48872.9 48921.8 32
2 48877.9 48927.8 29
3 48883.9 48933.7 33
4 48887.8 48935.7 34
5 48888.8 48938.7 34
6 48889.8 48939.7 34
7 48890.8 48940.7 34
8 48891.8 48941.7 34
9 48892.9 48942.7 34
10 48893.8 48943.7 34
11 48894.8 48944.7 34
12 48895.8 48945.8 34
13 48900.8 48950.7 29
14 48905.8 48955.7 32
15 48907.8 48957.7 33
16 48910.8 48958.7 33
17 48913.8 48963.7 31
18 48916.8 48966.7 30
19 48928.7 48978.7 26
20 48938.7 48988.6 20
- 49008.6 49020.6 4
4 1 49156.0 49166.9 10
1993–1994 5
1 49235.9 49285.7 21
2 49239.0 49288.7 18
3 49241.9 49291.7 19
4 49245.8 49295.7 20
5 49248.8 49297.7 19
6 49250.8 49300.7 18
7 49251.8 49301.7 18
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
1993–1994
5
8 49264.8 49314.7 14
9 49273.8 49323.7 19
10 49275.8 49325.7 20
11 49284.7 49334.6 22
12 49288.7 49338.6 22
13 49297.7 49347.6 19
14 49300.7 49350.7 19
15 49301.7 49351.7 19
16 49314.7 49363.6 23
17 49321.7 49371.6 22
18 49323.7 49373.6 21
19 49324.7 49374.6 21
20 49331.6 49380.6 19
21 49334.6 49383.6 20
- - 49519.0 49545.9 9
1994–1995
6
1 49638.7 49688.7 24
2 49645.7 49695.7 25
3 49650.7 49700.6 22
4 49651.8 49701.6 22
5 49652.7 49702.6 22
6 49653.8 49703.6 22
7 49654.8 49704.7 22
8 49656.7 49706.6 23
9 49665.7 49715.6 20
10 49666.7 49716.6 20
11 49676.7 49726.6 18
12 49684.7 49727.6 18
13 49686.7 49736.6 17
14 49695.7 49745.6 14
15 49700.6 49747.6 15
7 1 49886.0 49908.9 18
1995–1996 8
1 49983.8 50033.7 39
2 49987.8 50037.8 37
3 49990.8 50040.7 39
4 49992.7 50042.7 38
5 49994.7 50044.7 35
6 49995.7 50045.7 35
7 49996.7 50046.7 34
8 50000.7 50050.7 37
9 50004.8 50054.7 31
10 50005.8 50055.7 31
11 50006.8 50056.7 31
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
1995–1996
8
12 50007.8 50057.7 31
13 50009.8 50059.7 30
14 50010.8 50060.7 30
15 50011.8 50061.7 30
16 50012.8 50062.7 30
17 50016.8 50066.7 29
18 50018.8 50067.7 29
19 50026.7 50074.6 31
20 50028.8 50078.6 31
21 50033.7 50083.6 29
22 50037.8 50087.6 32
23 50038.7 50088.6 32
24 50039.7 50089.6 32
25 50040.7 50090.6 32
26 50042.7 50091.6 32
27 50044.7 50094.6 33
28 50045.7 50095.6 33
29 50047.7 50097.6 32
30 50050.7 50100.6 30
31 50054.7 50101.6 30
32 50059.7 50109.6 27
33 50061.7 50111.6 26
- - 50251.0 50259.9 5
1996–1997
9
1 50391.8 50441.6 24
2 50392.7 50442.6 24
3 50393.8 50443.6 24
4 50396.7 50446.6 22
5 50400.7 50450.6 21
6 50413.7 50458.6 19
7 50418.7 50468.6 21
8 50421.7 50470.6 20
9 50425.7 50473.6 19
10 50429.6 50479.6 19
10 1 50621.0 50642.9 14
1997–1998 11
1 50713.9 50761.7 33
2 50718.8 50768.7 34
3 50720.9 50770.7 33
4 50721.8 50771.7 33
5 50724.9 50773.7 33
6 50725.8 50775.7 33
7 50728.8 50777.7 32
8 50730.8 50780.7 32
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
1997–1998
11
9 50731.8 50781.7 32
10 50732.8 50782.7 32
11 50737.8 50787.7 30
12 50742.8 50792.7 26
13 50745.8 50795.7 27
14 50747.8 50797.7 27
15 50748.8 50798.7 27
16 50750.8 50800.7 28
17 50756.8 50806.6 23
18 50760.7 50809.7 23
19 50767.7 50816.6 24
20 50770.7 50820.6 23
21 50771.7 50821.6 23
22 50777.7 50827.6 22
23 50780.7 50829.6 22
24 50787.7 50837.6 22
- 50838.6 50842.6 5
- - 50980.0 50996.9 8
1998–1999 12
1 51085.8 51135.7 33
2 51086.8 51136.7 33
3 51088.8 51138.7 32
4 51089.8 51139.7 32
5 51093.8 51143.7 34
6 51094.8 51144.7 34
7 51098.8 51148.7 32
8 51101.8 51151.7 31
9 51103.8 51152.7 31
10 51105.8 51155.7 30
11 51110.8 51160.7 33
12 51111.8 51161.7 33
13 51116.7 51166.6 30
14 51120.7 51169.6 30
15 51125.7 51175.6 26
16 51128.7 51178.6 28
17 51131.7 51180.6 29
18 51132.7 51182.6 29
19 51133.7 51183.6 29
20 51135.8 51185.6 28
21 51136.7 51186.6 28
22 51138.7 51188.6 29
23 51142.7 51191.6 27
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
1998–1999
12
24 51143.7 51193.6 27
25 51148.7 51197.6 27
26 51159.7 51209.6 22
- - 51351.0 51360.9 5
1999–2000 13
1 51429.8 51479.8 29
2 51434.8 51484.8 33
3 51435.9 51485.8 33
4 51448.8 51498.7 42
5 51449.8 51499.7 42
6 51453.8 51503.7 40
7 51455.8 51505.7 39
8 51458.8 51508.7 41
9 51459.8 51509.7 41
10 51460.8 51510.7 41
11 51461.8 51511.7 41
12 51462.8 51512.7 41
13 51464.8 51514.7 40
14 51465.8 51515.7 40
15 51466.8 51516.7 40
16 51467.8 51517.7 40
17 51468.8 51518.7 40
18 51469.8 51519.7 40
19 51471.8 51521.7 39
20 51475.8 51525.6 40
21 51477.8 51526.6 40
22 51480.8 51530.6 38
23 51482.8 51532.6 37
24 51484.8 51534.6 36
25 51487.8 51537.6 34
26 51488.8 51538.6 34
27 51490.8 51539.6 34
28 51493.7 51543.6 32
29 51495.7 51545.6 31
30 51498.7 51548.6 32
31 51499.7 51549.6 32
32 51503.7 51553.6 35
33 51505.7 51554.6 35
34 51508.7 51558.6 33
35 51509.7 51559.6 33
36 51510.7 51560.6 33
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
2000–2001
14
1 51805.8 51850.6 23
2 51809.9 51858.7 22
3 51811.9 51861.7 21
4 51816.9 51865.7 20
5 51818.8 51868.7 19
6 51821.8 51871.7 18
7 51823.8 51873.7 18
8 51824.8 51874.7 18
9 51825.8 51875.7 18
10 51832.8 51878.7 19
11 51842.8 51892.7 19
12 51843.8 51893.7 19
13 51844.8 51894.6 19
14 51849.8 51899.6 21
15 51850.6 51900.6 21
16 51858.7 51908.6 23
17 51861.7 51909.6 23
18 51864.7 51914.6 24
19 51868.7 51917.6 23
20 51873.7 51923.6 22
21 51887.7 51935.6 20
- - 52085.0 52089.9 2
2001–2002
15
1 52176.9 52225.7 21
2 52180.8 52229.7 19
3 52181.8 52231.7 19
4 52187.8 52234.7 20
5 52196.8 52246.7 20
6 52198.8 52247.7 20
7 52202.8 52252.7 20
8 52208.8 52257.7 17
9 52220.8 52270.6 17
10 52221.7 52271.6 17
11 52224.7 52274.6 17
12 52229.7 52276.7 16
13 52231.7 52280.6 16
14 52233.7 52283.6 16
15 52245.7 52287.6 15
- - 52443.0 52450.9 8
2002–2003 16
1 52542.9 52591.7 22
2 52547.8 52597.7 22
3 52551.9 52601.7 25
4 52552.9 52602.7 25
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
2002–2003
16
5 52553.9 52603.7 25
6 52569.8 52619.7 28
7 52573.8 52623.6 27
8 52583.8 52633.6 24
9 52584.7 52634.6 24
10 52587.7 52637.6 25
11 52589.7 52639.6 24
12 52590.7 52640.6 24
13 52591.7 52641.6 24
14 52595.7 52644.6 26
15 52600.7 52650.6 23
16 52601.7 52651.6 23
17 52602.7 52652.6 23
18 52603.7 52653.6 23
19 52612.7 52662.6 29
20 52615.7 52665.6 27
- - 52808.0 52830.9 9
2003–2004
17
1 52895.8 52945.8 36
2 52900.9 52950.8 32
3 52901.8 52951.8 32
4 52903.8 52953.7 33
5 52911.9 52959.7 31
6 52915.8 52965.7 28
7 52923.8 52973.7 26
8 52933.8 52983.7 18
9 52934.8 52984.7 18
10 52937.8 52986.7 17
11 52941.8 52991.7 16
12 52944.8 52994.6 17
13 52950.8 52999.6 17
14 52959.7 53009.7 15
15 52970.7 53017.6 15
16 52986.7 53035.6 12
- - 53187.0 53193.0 5
2004–2005 18
1 53255.8 53302.7 25
2 53258.7 53308.7 25
3 53259.8 53309.7 25
4 53260.8 53310.7 25
5 53261.8 53311.7 25
6 53263.8 53312.7 25
7 53278.9 53326.7 20
8 53280.7 53329.7 20
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
2004–2005
18
9 53284.8 53334.7 20
10 53286.8 53336.7 21
11 53289.7 53339.6 20
12 53291.8 53341.6 21
13 53297.7 53347.7 18
14 53301.7 53351.6 20
15 53302.7 53352.6 20
16 53308.7 53356.6 23
17 53310.7 53360.6 22
18 53326.7 53371.6 22
19 53329.7 53378.6 22
20 53339.6 53389.6 19
19 1 53539.0 53565.9 10
2005–2006
20
1 53627.7 53677.7 33
2 53628.7 53678.7 33
3 53629.7 53679.7 33
4 53634.7 53681.6 34
5 53638.7 53688.6 30
6 53640.7 53690.6 29
7 53641.9 53691.8 29
8 53642.7 53692.7 29
9 53643.7 53693.6 29
10 53644.7 53694.6 29
11 53652.7 53699.6 28
12 53653.7 53703.7 28
13 53656.8 53706.6 29
14 53660.8 53710.6 31
15 53662.8 53712.6 32
16 53674.7 53724.6 23
17 53675.7 53725.6 23
18 53677.7 53727.6 24
19 53679.7 53729.6 23
20 53680.7 53730.6 23
21 53688.6 53737.6 24
22 53692.7 53742.6 22
23 53694.6 53744.6 21
24 53699.6 53747.6 23
25 53703.7 53752.6 23
26 53706.6 53756.6 23
27 53708.6 53758.6 24
- - 53907.0 53906.9 2
48
Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
2006–2007
21
1 53995.8 54045.7 21
2 54003.8 54050.7 21
3 54004.9 54054.7 21
4 54005.9 54055.7 21
5 54008.7 54056.7 21
6 54012.7 54062.7 19
7 54018.9 54067.7 21
8 54021.8 54071.6 22
9 54024.7 54074.6 23
10 54025.8 54075.6 23
11 54027.8 54076.6 23
12 54031.8 54081.6 24
13 54037.8 54085.6 24
14 54040.7 54090.6 24
15 54044.7 54094.6 25
16 54054.7 54104.6 22
17 54055.7 54105.7 22
18 54062.7 54110.6 22
19 54066.7 54116.6 22
20 54067.7 54117.6 22
- - 54271.0 54285.9 5
2007–2008
22
1 54373.8 54423.7 30
2 54379.8 54427.7 30
3 54388.8 54437.7 27
4 54389.8 54439.7 27
5 54390.8 54440.7 27
6 54398.8 54447.7 24
7 54399.8 54449.6 24
8 54401.8 54450.6 24
9 54405.8 54454.6 24
10 54407.8 54457.6 23
11 54408.7 54458.6 23
12 54409.8 54459.6 23
13 54411.7 54461.6 24
14 54416.7 54466.6 22
15 54427.7 54477.6 19
16 54437.7 54486.6 25
- - 54634.0 54648.9 3
2008–2009 23
1 54729.8 54778.7 31
2 54731.7 54781.7 30
3 54732.7 54782.7 30
4 54733.9 54783.7 30
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Season Segment Set Start End n
(J.D. 2 400 000+) (J.D. 2 400 000+)
2008–2009 23
5 54736.8 54786.7 30
6 54737.7 54787.7 30
7 54738.7 54788.7 30
8 54740.8 54790.7 30
9 54742.7 54791.7 30
10 54746.7 54794.7 30
11 54754.9 54804.7 33
12 54760.8 54810.6 28
13 54763.8 54812.7 29
14 54771.7 54821.6 25
15 54772.7 54822.7 25
16 54781.7 54831.6 23
17 54782.7 54832.6 23
18 54783.7 54833.6 23
19 54788.7 54838.6 20
20 54790.7 54840.6 21
21 54791.7 54841.6 21
22 54794.7 54844.6 23
23 54800.7 54846.6 24
2009–2010
24
1 55091.9 55141.7 19
2 55094.9 55144.7 19
3 55095.8 55145.8 19
4 55113.8 55160.7 29
5 55118.8 55168.7 29
6 55120.8 55170.7 30
7 55125.8 55175.7 29
8 55126.8 55176.7 29
9 55128.7 55178.7 29
10 55151.7 55200.6 19
11 55152.7 55202.6 19
12 55157.7 55207.6 15
13 55158.7 55208.6 15
- - 55222.6 55222.6 1
2010–2011 - - 55383.0 55384.0 2
The segments and sets used in CPS analysis. The season boundary is the rainy season in late sum-
mer. The unnumbered datasets do not fulfil the n ≥ 10 criterion. The 4th and 5th columns give the
starting and ending points of the dataset in Julian Dates (J. D.) and the last column the number of the
observations n in the dataset.
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